Autism is a neurobiological disorder that is diagnosed through careful behavioral assessment in early childhood. In this paper, we review recent studies that have attempted to reveal the underlying causes of autism using a variety of techniques. Particular emphasis is placed on techniques that have been used by a number of different laboratories, including structural magnetic resonance imaging and postmortem studies of neuroanatomy. Neurobiological and neuropsychological data from individuals across a wide age range are examined from a neurodevelopmental perspective. We discuss how these recent advances have led us to develop a growth dysregulation hypothesis of autism. Finally, we discuss how this hypothesis may lead to new innovations in autism research.
The goal of research on the neurobiology of Even as risk factors (genetic and/or teratogenic) for autism are identified, we may still autism, particularly in our own laboratory, is to determine not only the underlying causes lack an explanation of how they are responsible for specific neurodevelopmental abnorof the disorder but also its developmental trajectory. In autism, as in any neurodevelopmen-malities and subsequently how these abnormalities lead to the behavioral syndrome. To tal disorder, this is by no means a straightforward problem. Autism is generally considered understand the neurobiological bases of autism, therefore, requires not only the discova polygenic or multifactorial disease; its genetic predisposition may be caused by the im-ery of "initial" triggering conditions (e.g., genetic mutations) but also the revelation of the pact of many genes, each contributing a small effect on phenotype, or by the interplay of multiple aberrant factors and processes that constitute the deviant epigenesis. To undermultiple environmental factors with multiple genes. Except for rare individual cases, which stand the causes of autism one must necessarily examine a variety of factors across multimay or may not be similar in cause or syndrome to idiopathic autism, the causes leading ple biological levels.
In this paper, we discuss the neurobiological to this disorder are, as yet, unknown.
bases of autism from a neurodevelopmental perspective. First, we briefly review neuroana(1992) study, 1 of 13 autistic children in the in order to compare their brain measurements to typically developing, IQ-matched control Kleiman et al. (1992) study, and 6 of 50 patients with autism between the ages of 2 and subjects. A recent study of 22 male individuals with autism (12-50 years of age) took the 40 years of age in data from our laboratory (Courchesne, Saitoh, et al., 1994) . A discus-latter approach (Hardan, 2001) . MRI data from these relatively high-functioning indision of these issues was also addressed by Piven and colleagues (Piven & Arndt, 1995; Pi-viduals (84-140 verbal IQ scores) were compared to typically developing males who were ven, Saliba, Bailey, & Arndt, 1999) .
The issue of a properly matched control also recruited from the community. Area measurements of the anterior and posterior regroup is obviously critical in studies of patient populations. A number of studies reported that gions of the cerebellar vermis did not differ between the individuals with autism and the there are regional volumetric changes with age and sexual dimorphism of brain structures typically developing control subjects. However, the total volume of the cerebellum and in typically developing individuals (for a review, see Durston, Hulshoff, Casey, Giedd, the volume of the cerebellar hemispheres were significantly larger in the autism group. Buitelaar, & van Engeland, 2001 ) and the size of some cerebral and cerebellar structures ap-This result is interesting in light of our recent report of increased cerebellar white matter pears to be correlated with level of intelligence (Andreasen, Flaum, Swayze, O'Leary, volume in preschoolers with autism and the potential link between neuroanatomical meaAlliger, Cohen, Ehrhardt, & Yuh, 1993) . Because approximately 75% of individuals with sures and autism severity (see the next section). Because this study included a relatively autism have an IQ below 70, several investigators argued that it is necessary to match homogeneous group of autistic individuals, one must consider that the results may be limsubjects in the control group to the patients with autism for IQ in addition to age and sex ited to higher functioning children and adults with autism. (Filipek, 1995; Holttum et al., 1992; Kleiman et al., 1992; Piven, Saliba, et al., 1997) . ThereSome investigators argued that if a neural abnormality is more easily detected in menfore, some MRI studies included individuals with borderline IQs or a "developmental dis-tally retarded individuals than those not mentally retarded, it is not an important feature in order" in their control group in order to match the autistic individuals on IQ. We believe that autism. Using this argument, and in light of the recent findings by Hardan and colleagues, the key to understanding the neural basis of autism is to determine how the nervous sys-one might conclude that decreased size of the posterior vermis is not a critical feature for tem in individuals with autism differs from typically developing individuals (matched for understanding the neural basis of autism. We disagree. As we discuss below, we believe age and sex). If one compares mentally retarded individuals with autism to individuals that by examining the relationship between these types of neuroanatomical variations and who are mentally retarded without autism, then one might learn which neuroanatomical autism severity we can better understand brainbehavior relationships in autism. abnormalities are specific to autism and which are more strongly linked to "mental retardation." However, this approach would re-Early Neural Growth Profiles in Autism quire studying individuals with developmental disorders who do not have an The majority of these MRI and postmortem studies have included adults with autism and identifiable cause for their mental retardation (e.g., Down syndrome) and would potentially have reported decreased size in a variety of structures. It is therefore unclear whether the be quite difficult, given the relatively limited number of ways in which the developing ner-reported neuroanatomical abnormalities are the developmental outcome of this lifelong vous system can be affected.
Other studies have only included individu-disability or indicative of early pathology. MRI scanning in toddlers and preschoolers als with autism who are not mentally retarded Adapted from "Unusual brain growth patterns in early life in patients with autistic disorder: An MRI study," by E. Courchesne et al., 2001, Neurology, 57, p. with autism can provide data about the devel-cerebellar gray matter volume was significantly smaller than controls in the older subopmental time course and description for these abnormalities observed later in life.
jects. That is, because the cerebellum showed age-related increases in the control group but In order to examine early brain development in autism, children need to be studied at not in the autism group, the difference in cerebellar gray matter volumes between the auas young an age as possible. In our recently completed study of 60 children with autism tism and typical groups increased in magnitude with age. The cerebellar white matter and 52 normal controls (ages 2-16 years), we found that brain volume appeared to be nor-volume showed an unexpected and striking abnormality. In the youngest subjects with aumal at birth (based on neonatal head circumference records) in children later diagnosed tism, cerebellar white matter volumes were about 38% greater than in the control group. with autism (Courchesne, Bartholomeusz, & Karns, 2002; Courchesne et al., 2001) . How-However, cerebellar white matter volumes increased little with age in autism, whereas in ever, MRI data indicated that by 2-4 years of age, 90% of these autistic children had a brain the typical group cerebellar white matter volume showed robust age-related increases, evenvolume larger than the average for the control group and 37% had brain volumes consistent tually reaching the volume seen in the youngest autistic children. The cerebellar vermis with developmental macroencephaly ( Figure  1 ). Cerebral white and gray matter were sig-lobules VI and VII were reduced in size compared to the control group. In contrast to the nificantly larger than those found in the control group (normally developing, "typical" control group, there were no age-related size increases in the vermis in the autism group. children), whereas older autistic children and adolescents did not have such enlarged gray
The early cerebral volume enlargement noted in toddlers and preschoolers with autism apand white matter volumes compared to the control group (Figure 2) . pears to show an anterior to posterior gradient, which is largest at the frontal lobes and Cerebellar gray matter volume showed similar effects, but measurements from the closer to typical in the occipital lobes (Carper, Moses, Tigue, & Courchesne, in press ). The youngest children with autism were more similar to age-matched control subjects whereas mean differences in frontal lobe volume com- pared to the control subjects are illustrated in mis lobules VI and VII. The correlation in autism suggests that there is a developmental Figure 3 . Interestingly, a statistically significant inverse correlation was found between link between these abnormalities.
The results from this MRI study are promthe frontal lobe volume and the size of cerebellar vermis lobules VI and VII in children ising in terms of aiding our understanding of identifying early brain abnormalities in au-(ages 3-9) with autism (Carper & Courchesne, 2000) . That is, the children with an ab-tism. This poses significant challenges because of the difficulty in accurately diagnosnormally large frontal lobe volume were those with an abnormally small cerebellar vermis ing autism in toddlers. That is, several studies demonstrated that standard diagnostic procearea. Among same-age typical children, there was no significant relationship between fron-dures were quite successful in identifying 2-and 3-year-olds who would continue to have tal lobe volume and the area of cerebellar ver-ter, 2000), and the Childhood Autism Rating Scale (CARS; Schopler, Reichler, DeVellis, & Daly, 1980) . Use of the ADOS-G and CARS allowed inclusion of children who did not show significant evidence of restricted or repetitive behaviors due to their young age (Lord & Risi, 2000) but who did meet the social and communication criteria for autism. Children were reevaluated soon after age 5 by a team of psychologists, including Dr. Catherine Lord (a developer of the ADOS and the ADI-R), who derived a final best estimate diagnostic decision.
We recently compared MRI data from the Figure 3 . The frontal lobe volume enlargement in 10 boys who had a final best estimate diagnovery young children with autism. Volumes were sis of PDD-NOS from this study with 42 boys converted to z scores for each subject with autism who were eventually diagnosed with autism (2.2-4.0 years of age) based on the means and (Akshoomoff, Lord, Davis, Ziccardi, Karns, standard deviations of the controls from the same Pizzo, Lincoln, Carper, Tigue, Courchesne, & age range. With this method, "0" on the y axis indicates the control mean, and "1" indicates 1 SD Courchesne, 2001 ). The MRI data were obabove the mean. The bar graph indicates the mean tained when the children were between 1.9 for the autism group; the error bars are 1 standard and 4.9 years of age and compared with typierror of the mean. The frontal lobe white matter cally developing boys of the same age. Of the volume was significantly larger than normal and children with a final diagnosis of autism, 12 the frontal lobe gray matter showed an overall enlargement in autism. CSF, cerebrospinal fluid.
had verbal and performance IQs of 70 or above ("higher functioning autism" or HFA group), and were thus matched to the children an autism spectrum diagnosis but there was less stability regarding the specific disorder with PDD-NOS for verbal and performance IQ. We found that cerebellar white matter volon the spectrum, such as a firm diagnosis of autism versus Pervasive Developmental Dis-ume and anterior cerebellar vermis area was abnormally large in all three groups. Overall order-Not Otherwise Specified (PDD-NOS; Cox, Klein, Charman, Baird, Baron-Cohen, cerebellar volume was larger than normal in the HFA group. While the area of the posteSwettenham, Drew, & Wheelwright, 1999; Lord & Risi, 2000 ; Stone, Lee, rior cerebellar vermis was smaller than normal in the lower functioning autism group, it was Ashford, Brissie, Hepburn, Coonrod, & Weiss, 1999) .
larger than normal in the HFA group. The results from this group of nonretarded preschoolIn our study, we used a multistep diagnostic procedure with children who initially re-ers with autism is particularly interesting given the recent MRI study of the posterior fossa in ceived an MRI scan between 2 and 4 years of age. Children were recruited for the study if high functioning 12-to 50-year-old males with autism (Hardan, Minshew, Harenski, & Keshathey had a clinical presentation that was consistent with PDD, including autism, as deter-van, 2001) . mined by at least two experienced diagnosticians and if they met criteria for autism on Principles of Early Brain Development any one of the following: Autism Disorder Interview-Revised (ADI-R; Lord, Rutter, & The results from these studies provide evidence for the abnormal regulation of brain Le Couteur, 1994) , the Pre-Linguistic Autism Diagnostic Observation Scale (ADOS; DiLa-growth in autism. We hypothesize that this represents a pathological deviation of the mechavore, Lord, & Rutter, 1995) or the ADOSGeneric (ADOS-G; Lord, Risi, Lambrecht, nisms that normally regulate brain growth.
Early brain development involves two major, Cook, Levanthal, DiLavore, Pickles, & Rut-overlapping processes: progressive events and in neural organization), more often the outcome results from complex nonlinear interacregressive events. The progressive events include neurogenesis, axon guidance, and for-tions among multiple factors and processes (Cicchetti & Rogosch, 1996;  Jessell & Sanes, mation of synapses and neurotransmitter receptors (Bayer, Altman, Russo, & Zhang, 1993; Yeung-Courchesne & Courchesne, 1997) .
This makes it difficult to identify the cause or Huttenlocher & Dabholkar, 1997; Rakic, 1995) . In fact, the vast majority of neurons are pres-causes of a later abnormality in development and also helps to explain why individual cases ent by the seventh month of gestation (Rakic, 1995) . In contrast, the growth of synapses, can experience the same initial pathological events but have different functional outcomes. dendritic arbors, and fiber bundles largely takes place during early postnatal development. The elimination processes, or regressive Evidence of the Biological Time Course events, include normal programmed cell death (apoptosis), axon pruning, and synapse elimi-Our MRI data provide evidence of brain growth abnormalities in toddlers and preschoolers nation. Notably, there are significantly more neurons, axons, and synapses produced early with autism. Other pieces of biological evidence also provide information about the timin development than will be maintained in the later stages of brain development. Researchers ing of pathology. These range from very early prenatal development (embryogenesis and the have hypothesized that given the magnitude of these events, as well as individual differ-second trimester) to postnatal development, at least up through the preschool years. ences in brain structure, a great proportion of these processes in the cerebral cortex must de-A recent molecular assay finding provides data suggesting that abnormalities are present pend on experience (including the prenatal) rather than genetic prespecification (Killackey, at the time of birth in autism. Nelson and colleagues (Nelson, Grether, Croen, Dambrosia, 1990; O'Leary, 1992 O'Leary, , 1989 Quartz & Sejnowski, 1998) . That is, experience appears to Dickens, Jeliffe, Hansen, & Phillips, 2001) reported abnormally elevated brain neurotrophhave a major impact on progressive and regressive events. It is also important to note ins and neuropeptides (vasoactive intestinal polypeptide or VIP, brain-derived neurotrophic that some of these processes, such as synapse formation and elimination, continue through-factor or BDNF, neurotrophin-4 or NT-4, and calcitonin gene-related protein or CGRP) in out the life span as humans learn information, build new skills, and fail to rehearse certain neonatal blood spots obtained retrospectively from neonates who later developed autism. behaviors.
The same overarching epigenetic princi-This is the first potential neonatal marker of a risk for autism. However, it is not clear if ples that govern the normal process of neural self-construction and self-organization pre-these same substances are elevated during prenatal life and how long they continue to be sumably also govern pathological development, in which aberrant factors and processes elevated in postnatal life. It is also important to note that the samples were obtained from lead to misconstruction and misorganization. For example, when the Otx-1 gene is elimi-venous blood and therefore it is assumed, but not known, that these substances were also renated in a "knock-out mouse" model, there is an abnormal retention of axonal exhuberance duced in the brain. Further, elevations in VIP, BDNF, NT-4, and CGRP were also reported (Weimann, Zhang, Levin, Devine, Brûlet, & McConnell, 1999) . An important principle to for the nonautistic mentally retarded group in that study (but not the patients with cerebral keep in mind is that at every time point, molecular, cellular, and functional conditions are palsy). Although mental retardation is often associated with smaller than normal head size the outcome of the conditions of the previous time point. Although it is convenient to think (e.g., microencephaly), head size was larger than normal in preschoolers with autism in terms of singular "causes" of an outcome condition (particularly a pathological outcome ). However, VIP and neurotrophins can influence the development published postmortem cases and across a large number of MRI studies of autism. Decreased of neurons and glia and the associated synapses in a number of ways, in terms of both Purkinje neuron numbers in postmortem cases is not accompanied by empty basket cells and production and elimination. It is therefore possible that although neonatal levels of these the cerebellar folia do not show signs of atrophy (Bailey et al., 1998; Bauman & Kemper, substances are elevated in both autism and mental retardation, this may lead to different 1994; Kemper & Bauman, 1998) . These findings are indicative of earlier rather than later consequences, depending on interactions with the genetic milieu for each child, as well as developmental age at the time of loss. In several autism cases, the inferior olivary nuclei environmental differences.
At present, there are too few postmortem (which are developmentally, structurally, and functionally intimately involved with cerebelautism cases in the literature to provide definitive evidence of either the age at pathological lar Purkinje neurons) were maldeveloped (Bailey et al., 1998) . Neuronal migration eronset or developmental trajectories for any specific brain structure. Only one postmortem rors also appeared in the inferior cerebellar peduncles (Bailey et al., 1998) . In one case, case of autism under 6 years of age has been reported (Bailey et al., 1998) . Nonetheless, Purkinje neurons were irregularly aligned (Bailey et al., 1998) , which cannot be caused neuropathological features evident in adult postmortem samples point to several different by some later postnatal event. Despite the reduced number of Purkinje neurons, the cereprenatal periods of onset. For example, agenesis of the superior olivary nuclei (Rodier, In-bellar cortex had clearly defined cortical lamina (granule, Purkinje, and molecular layers), gram, Tisdale, Nelson, & Romano, 1996) is consistent with pathology that took place as even in the cases where there were large distances between single surviving Purkinje neuearly as the first trimester of prenatal development. Other features, such as cells in the infe-rons (Bailey et al., 1998; Bauman & Kemper, 1994; Kemper & Bauman, 1998) . Although rior cerebellar peduncles that were arrested in migration (Bailey et al., 1998) , suggest pa-Purkinje neuron loss or dysgenesis could occur prenatally along with olivary dysgenesis thology during the prenatal period. Malformation of the inferior olivary nucleus (Bailey et and the migration errors in the inferior cerebellar peduncle, observations of intact cereal., 1998) and migration errors are clear signs of first trimester events, but these have only bellar lamina seem to argue against a massive dysgenesis or loss of Purkinje neurons before been seen in three autism postmortem cases. Other findings, such as irregular lamina disar-the final phases of granule cell proliferation and migration. Therefore, the possibility canray in small focal cerebral regions (Bailey et al., 1998) and reduced numbers of Purkinje not yet be reasonably ruled out that Purkinje neuron loss could occur postnatally, perhaps neurons in the apparent absence of glial scarring (Bailey et al., 1998; in the first 1 to 2 years of life.
One recent postmortem study reported a 1994), may be indicative of later prenatal or early postnatal pathology. reduction in antiapoptotic protein Bcl-2 in the cerebellum of five autism cases compared to Other reported pathological features, such as small cell size (Bauman & Kemper, 1994; controls (Fatemi, Halt, Stary, Realmuto, & Jalali-Mousavi, 2001 ). The authors hypothe- Kemper & Bauman, 1998) , increased cell packing density (Bauman & Kemper, 1994;  Kemper sized that dysregulation of this protein could be responsible for the observed tissue loss in & Bauman, 1998), and thickened cortices (Bailey et al., 1998) , are not by themselves indica-the cerebellum in autism and reduced size of Purkinje neurons in autism (Fatemi, Halt, tive of any particular age of onset. However, it is parsimonious to hypothesize that the on-Earle, Kist, Realmuto, Thuras, & Merz, 2000) .
Bcl-2 is known to be differentially regulated set of these types of abnormalities occurred during early neural development.
during early gestation, perinatal development, and early adulthood. Although it is not known Cerebellar pathology is ubiquitous among if reduced levels of Bcl-2 in the adult brain loss of Purkinje cells in the cerebellum. For example, when Morrison and Mason (1998) are related to reduced levels in early development, this is certainly a possibility.
examined the role of BDNF and NT-4 on Purkinje cell development, they found that increased levels of BDNF and NT-4 resulted in Growth Dysregulation Hypothesis a decreased overall number of Purkinje cells in the presence of granule cells (Morrison & We believe that autism is a disorder of growth regulation. As described above, there is pro-Mason, 1998). This is also consistent with the results of our MRI study of toddlers and prevocative evidence from postmortem and MRI studies supporting the idea of abnormal chro-schoolers with autism.
The impact of elevated brain neurotrophins nicity of neural growth in this disorder, including enlarged cerebral volume during the and neuropeptides, however, could differ across children as a function of genetic backtoddler years followed by widespread hypoplasia as individuals with autism reach adult-ground, timing, and experience. These differences may help to account for differences in hood.
There are many possible explanations for the magnitude of neuropathology and functional outcome in children with pervasive dethe increased cerebral gray and white matter volume and cerebellar white matter volume velopmental disorders. The greatest immediate importance of these brain growth findings, observed in early development in autism. One possibility is an increased number of neurons however, may be that abnormal levels of specific brain growth factors are clues to unraveldue to excessive sparing (i.e., decreased apoptosis) early in postnatal development or a de-ing the biological mechanisms leading to brain maldevelopment in autism. As discussed lay in the timing of apoptosis. This may not necessarily be observed as increased brain vol-earlier, growth rates appear slower throughout a variety of brain regions in children with auume or head circumference at birth. The time course of this effect could also differ across tism after age 4, compared to typical children, who continue to show positive growth. Other brain regions, just as the timing of normal apoptosis and synapse elimination differs across brain regions are reduced in size at all ages examined. The identification of specific growth regions (Huttenlocher & Dabholkar, 1997) . This could help to explain the abnormal en-factor abnormalities may lead to a better understanding of which neurodevelopmental siglargement of the frontal lobes in toddlers and preschoolers with autism but the closer to nor-naling pathways are abnormal in autism, and this in turn may point to candidate genes that mal volume in other cerebral regions (Carper et al., in press ). Another possibility is an ab-could be ultimately responsible for the disorder. normal retention of an excessive number of axonal connections. Again, this may be due to an If any or all of these pathological processes occur, then the postnatal construction of many excessive sparing of axons that are normally eliminated in early development or a delay in areas of the brain may be occurring in a "willy nilly" fashion. That is, a number of the timing of normal axonal elimination.
Neonatal elevations in VIP, BDNF, NT-4, neural circuits may be established in the first year or two based on abnormal preservation and CGRP (Nelson et al., 2001 ) may contribute to abnormal neural growth, such as we ob-rather than experience-based competition.
Connections that are not normally observed served in our MRI study of toddlers and preschoolers later confirmed to have a diagnosis would therefore be maintained. This may lead to unusual patterns of behavior and the poor of autism ). These neurotrophic factors are known to increase development of normal behaviors (such as language). As time goes on, some of these uncell survival, as well as increase the size and density of dendritic arbors (Lewin & Barder, usual connections, as well as some connections that would normally be strengthened 1996). While this process could thus lead to increased growth of neural elements in the ce-through the process of normal behavioral development, would be eliminated. Thus, ironirebrum, paradoxically it could also result in a cally, the "overgrowth" observed in early Courchesne, 1987; Courchesne, Akshoomoff, Townsend, & Saitoh, 1995 ; Courchesne, Kilchildhood might be a precipitating condition that ultimately leads to fewer than normal man, Galambos, & Lincoln, 1984; Courchesne, Townsend, Akshoomoff, Saitoh, Yeung-Courconnections and decreased structure size.
There is a need for more neuropathological chesne, Lincoln, James, Haas, Schreibman, & Lau, 1994; Dawson & Lewy, 1989 ; Pierce, data to help explain these possibilities. For example, there is no evidence for an increased Glad, & Schreibman, 1997; Schreibman & Lovaas, 1973; Waterhouse, Fein, & Modahl, number of neurons in the adult autistic brain, and this seems unlikely, given the volumetric 1996). Although deficits in attention are not unique to patients with autism and attentional MRI data from older children and adults. There is also an absence of information about deficits are not diagnostic of autism, it is hypothesized that deficits in attention may help dendritic characteristics (i.e., arbor size and shape), numbers of synapses, axonal connec-to explain some of the social and cognitive deficits associated with the disorder. tions, and axonal arbors, and there have been no reports that include quantification of cell Townsend and colleagues conducted several studies to investigate speed of attention bodies in the cerebral cortex. In fact, postmortem information about the cerebral cortex in orienting in autism and the brain systems that underlie these operations (Akshoomoff, Courautism is currently limited to general findings (e.g., overall volume). Although this informa-chesne, & Townsend, 1997; Townsend & Courchesne, 1994 ; Townsend, Courchesne, & tion would not give direct information about the timing of any observed abnormalities, it Egaas, 1996; Townsend, Courchesne, SingerHarris, Covington, Westerfield, Lyden, Lowry, would help to establish how the nervous system is more directly affected.
& Press, 1999; Townsend, Harris, & Courchesne, 1996) . The performance of patients with autism was compared to that of patients Bringing Together Multiple Levels with known brain damage in order to draw of Analysis inferences about the neural systems affected in autism (Courchesne, Townsend, et al., Data from the molecular, cellular, and macroscopic MRI levels all point to the same con-1994). Townsend's studies demonstrated that damage to the cerebellum leads to extremely clusion: there are a number of structures affected in autism that are associated with slowed attention orienting. Patients with acquired cerebellar damage, as well as patients aberrant function. The pattern of behavioral abnormalities that define autism spectrum dis-with autism (who have developmental abnormalities in the cerebellum), were significantly orders is often associated with heterogeneity in symptom type, severity, and outcome. Re-slower to detect a target presented shortly after an attentional cue than were control parcent studies, however, have begun to elucidate the pattern of brain-behavior relationships in ticipants. However, both patient groups were as fast as control participants in detecting a autism. We will review recent findings from neuropsychological, neurophysiological, and target when they were given more time to orient their attention following a cue. functional neuroimaging studies and discuss how the results from these studies can be inThis neuropsychological approach was also used in a recent study of procedural learning in corporated into a growth dysregulation hypothesis.
autism ( temporal overlap of multiple components. Three in procedural learning associated with autism are consistent with abnormalities in frontal-separate components were identified in this study, using Independent Components Analycerebellar circuitry. Townsend, Harris, et al. (1996) also devel-sis (Makeig, Westerfield, Jung, Covington, Townsend, Sejnowski, & Courchesne, 1999) . oped a task in which performance depends on speed of perceptual processing (target dis-The early frontal component (P3f), which may reflect attention orienting, was delayed or crimination) rather than speed of a motor response (target detection). Just as in the 1994 missing in adults with autism when attending to peripheral visual fields. The later parietal study by Townsend and Courchesne, patients with autism were slow to orient attention to a component (P3b), which may reflect context updating, was smaller in amplitude in adults cued location but significantly improved with a longer delay between cue and target. There with autism, regardless of attention location.
It was hypothesized that damage to the cerewas also a strong correlation (r = .82; p < .01) between the area of vermal lobules VI-VII bellum may have influenced both the frontal and parietal spatial attentional networks. divided by total brain volume (to control for overall brain size) and the degree of orienting A recent study conducted in our laboratory included 17 children with a clinical presentadeficit. Patients with acquired cerebellar damage showed similar deficits (Townsend et al., tion that was consistent with PDD who underwent MRI between 2.6 and 6.3 years of age 1999).
The ERPs allow neural activity to be linked (Harris, Courchesne, Townsend, Carper, & Lord, 1999) . When the children were between with behavioral performance and thus provide another avenue for investigating brain-behav-5 and 9 years of age (M = 7.5 years), they participated in an attention-orienting experiior relationships in neurodevelopmental disorders. Stimulus overselectivity or overselective ment similar to that used in a study of older autistic subjects (Townsend, Courchesne, et attention was reported for many patients with autism (Lovaas, Koegel, & Schreibman, 1979 . The degree of slowed orienting to visual cues was significantly correlated with Using electrophysiological and behavioral data, Townsend and colleagues found oversel-the degree of cerebellar abnormality, but not with frontal lobe volume. Following the comectivity in some adults with autism and broad, ungraded attention in others (Townsend & pletion of this experiment, 11 of the 17 children were found to meet the diagnostic crite- Townsend, Harris, et al., 1996) . It ria for autism. The area of cerebellar vermal lobules VI-VII was significantly smaller in appears that overselective attention is found primarily in individuals with autism who have this subgroup, compared to the age-matched control group. parietal lobe volume loss (in addition to the cerebellar abnormalities previously described), Attentional dysfunction in more naturalistic settings in young children with autism has whereas those with no parietal abnormality have abnormally broad, unfocused attentional also been linked to cerebellar abnormalities.
In a recent study, Pierce and Courchesne (2001) responses. Only those with parietal cortex abnormalities had abnormally long reaction times found that when left alone to explore a room filled with boxes and hidden play items, chilto invalidly cued targets. In addition, reaction times were highly correlated with the degree dren with autism explored minimal portions of their environment, in comparison to normal of parietal lobe involvement.
Recent ERP evidence from our laboratory children. Further, autistic children with increased levels of cerebellar hypoplasia were also suggests a disruption of spatial attentional networks in autism. The attention-related late more likely to fail to explore their environment than children with minimal or no cerepositive ERP response (LPC) was investigated during visuospatial processing in a group of bellar hypoplasia. No relationship between these behavioral variables and other neuroan-equivalent degrees and in comparable ways in each domain or developmental period. atomical measures, such as whole brain volume, was found.
Second, many of the neurobehavioral functions that are abnormal in autism (e.g., social These data demonstrate how one can test hypotheses about the relationship between spe-and language processing, executive functions, attention, motor execution, sensorimotor learncific cognitive operations and neurobiological data. These types of investigations breathe ing) activate multiple neural sites in typical individuals. For instance, imaging studies of functional life into static data obtained from structural MRI and postmortem data and help typical subjects have shown frontocerebellar coactivation during semantic association (Petus understand how variations in neuroanatomy correlate with variations in cognitive com-ersen, Fox, Posner, Mintun, & Raichle, 1989) and working memory tasks (Casey, Cohen, petence in a complex developmental disorder. One exciting feature of these studies is the O'Craven, Davidson, Irwin, Nelson, Noll, Hu, Lowe, Rosen, Truwitt, & Turski, 1998 ) and possibility of identifying subgroups of patients on the basis of brain abnormalities (e.g., sul-frontoparietal and cerebellar activation during visual spatial attention (Coull & Nobre, 1998) cal widening over the parietal cortex) and finding links with behavioral differences. The and problem solving tasks (Rao, Bobholz, Ham, et al., 1997 ). reverse has not yet been attempted in autism but this is also a possibility, using hypothesisThird, it is likely that neurodevelopmental defects in autism have an impact on the orgadriven behavioral measures, appropriate neurobiological measures, well-defined patients, nization of neural networks. This was the conclusion of researchers who conducted longituand adequate sample sizes.
dinal studies of children who suffered prenatal or perinatal unilateral brain damage (Bates,
Functional organization in autism
Thal, Trauner, Fenson, Aram, Eisele, & Nass, 1997; Elman, Bates, Johnson, KarmiloffAlthough these types of brain-behavior studies in autism are beneficial in our understand-Smith, Parisi, & Plunkett, 1996; Stiles, 1998) .
That is, if the nervous system is affected being the impact of early neuroanatomical abnormalities in autism, such a correlational fore the functional pathways are fully formed, then the impact on behavior and function is approach does not lend itself as readily to the investigation of the systems involved in com-different than if the damage occurs later in life. This may result in shrinkage, relocation, plex behaviors. In combination with current knowledge on the neurobiology of autism that or fractionation of functional maps. It is also important to keep in mind that when infants suggests that multiple structures and systems throughout the cerebrum and cerebellum are are acquiring new skills, such as language, the systems involved in this process may be quite affected in autism, results from fMRI studies challenge the "one neural defect-one behav-extensive compared to the systems that are ultimately primarily responsible for these skills ioral deficit" view of autism.
First, structures that are abnormal in au-later in life (Mills, Coffey-Corina, & Neville, 1994) . However, it may be relatively easier to tism, such as the frontal cortex and the cerebellum, normally participate in multiple neu-develop skills associated with a particular part of the brain following more restricted, early robehavioral functions. For instance, fMRI and positron emission tomography studies of damage (e.g., a congenital unilateral stroke) than if the damage were of a different type typical subjects show cerebellar activation during motor execution, sensory-motor learn-(e.g., cell overgrowth or laminar disarray) or pervasive, such as in autism (Müller & Courching, perceptual timing, attention, working memory, and language (Corbetta, 2000) . Severe esne, 2000) .
Fourth, autism appears to be a polygenic developmental defects in multifunctional structures such as the cerebellum or frontal cortex disorder (with the potential involvement of multiple genes), and each gene defect will would thus be predicted to impair multiple functional domains, though not necessarily to likely have pleiotropic effects (Gelehrter & Collins, 1990 ) on multiple brain structures and correspondingly multiple cognitive and sensorimotor domains.
Although there have been only a few published papers on fMRI in autism, several interesting trends have emerged. One of the most widely studied topics in autism relates to social processing. Two new fMRI studies Schultz, Gauthier, Klin, Fulbright, Anderson, Volkmar, Skudlarski, Lacadie, Cohen, & Gore, 2000) have shown that the robust phenomenon of fusiform gyrus activation in response to the presence of the human face is significantly diminished in au- Figure 4 . The regions of maximum signal intensity tism. In combination with structural measures for six autistic and eight normal control subjects during a face perception task. Each symbol repreof regions hypothesized to be abnormal in ausents an activation "hot spot" for a single subject tism (e.g., amygdala), we now have the ability as overlaid on a sagittal image. For purposes of to assay neuroanatomical structure, function, illustration, peak activations were collapsed from and behavior within the same individual. evidence is available that suggests both structural and functional defects in systems in-simple finger movement task, individual funcvolved in social processing in autism.
tional maps across typical subjects showed In addition to reports of decreased levels consistent and robust activation in the contraof activation in expected neural regions, fMRI lateral primary sensorimotor cortex, with adhas uncovered an interesting phenomenon in ditional activation in the premotor and/or supautism: increased activation in unexpected re-plementary motor areas. In the autism group, gions that appear to be unique for each indi-however, the spatial consistency of such movidual with the disorder. For example, in the tor cortex activation was reduced, with sevPierce et al. study (2001) , 100% of all of the eral autistic subjects failing to show signifitypical subjects showed the strongest signal cant activation in the contralateral motor intensity change in response to pictures of cortex at all ( Figure 5) . Further, such subjects faces in the posterior fusiform gyrus (i.e., the showed significant activations in posterior fusiform face area), whereas only one autistic neural regions not typically associated with subject exhibited a strong neural response in this type of task, such as the superior parietal this region (Figure 4) . Instead, the autistic par-lobe and precuneus. ticipants in this study responded maximally to faces in various regions throughout the cereRelationship to a growth brum (e.g., frontal lobe, occipital lobe) and dysregulation hypothesis cerebellum. As another example, Müller and colleagues (Müller, Pierce, Ambrose, Al-Such a pattern of atypical functional maps observed during neuroimaging studies, including len, & Courchesne, 2001 ) noted that during a Figure 5 . Axial slices showing activations (p < .001; uncorrected) for four autistic subjects (left) and four normal control subjects (right), overlaid in white onto individual structural magnetic resonance images in native space. The slices are selected to show the major activation cluster in the perirolandic cortex. The central sulcus (contralateral to the side of movement) is indicated by a black line. Each normal control subject showed the most robust activation cluster in the pre-and postcentral gyri along the central sulcus. Even though most autistic patients also showed such perirolandic activations, there were several types of atypical activation patterns during the motor task such as activation exclusively posterior to the central sulcus or overall scattered activation. Adapted from "Atypical patterns of cerebral motor activation in autism: A functional magnetic resonance study" by R.-A. Müller, K. Pierce, J. B. Ambrose, G. Allen, & E. Courchesne, 2001, Biological Psychiatry, 49, p. scattered and unique patterns of functional ac-fect, but it may also produce arrangements that do not. Perhaps this partially explains the tivity, is consistent with a growth dysregulation hypothesis in autism. Early widespread different degrees of impairment among autistic individuals. If the developing autistic nerneuroanatomic defect, such as cerebral overgrowth in combination with the specific regions vous system abides by well known principles of competition and neuroplasticity in the face of hypoplasia (e.g., hippocampus and cerebellum) noted in the young autistic brain, would of neural defect, then abnormal functional activity and organization would be present in likely lead to abnormalities in the development of functional systems. Evidence from the developed autistic brain. Moreover, because autism involves multiple types and sites developmental neurobiology shows that when the developing brain sustains significant neu-of neural defect (e.g., a thickening of cerebral cortex in some postmortem cases; neuroanaral insult precipitated by environmental or genetic factors, the typical balance of competi-tomic pathology in the cerebellum in 19 of 20 postmortem cases), it is likely that abnormal tion that mediates functional organization may be altered (Kolb & Whishaw, 1989) . functional activity and organization will affect different structures in different ways. Because This can result in atypical organization (including abnormally reduced, expanded, scat-many of the structures that are affected in autism mediate the development of more than tered, and lateralized representations) and atypical functional activity. The "plasticity" one function and typical development entails competition between functions (or functional commonly associated with the developing brain may thus produce arrangements that inputs), the imbalance created by various types and sites of neural defects in autism may difsuccessfully compensate for the structural de-ferentially affect the cerebral and cerebellar patients should be analyzed separately and presented as such in order to increase our unorganization of different functional domains, with greater abnormalities for some functions derstanding of how these disorders may be similar and different. than for others.
Although there are many potential applicaSecond, patterns of cerebral vasculature may be different in autism, and thus contribute to tions of fMRI research both independently and in concert with research methods at other atypical patterns of functional activity. Perfusion studies have, in fact, noted hypometabolevels of analysis (e.g., structural MRI) there are several notes of caution.
lism in most cortical regions, including the frontal (Zilbovicius, Garreau, Samson, Remy, First, many fMRI studies have utilized mixed subject groups that include both sub-Barthelemy, Syrota, & Lelord, 1995) and temporal (Zilbovicius, Barthelemy, Belin, Remy, jects with autism and subjects with Asperger disorder. It is currently unknown whether Poline, Mangin, Syrota, & Samson, 1998) .
Third, the successful interpretation of funcsuch groups represent etiologically distinct or similar disorders because of the paucity of tional neuroimaging results relies on its accurate integration with structural data. Currently, neurobiological studies on Asperger disorder. One study suggests that autism and Asperger the majority of neuroimaging studies utilize a technique in which data are transformed into a disorder may differ in some aspects of neuroanatomic abnormalities (Haznedar et al., particular set of stereotaxic coordinates (e.g., Talairach space). This approach assumes that 2000). Asperger disorder is categorized as a separate pervasive developmental disorder in the underlying neuroanatomy of constituents in a particular group is similar. As mentioned the DSM-IV, and the main distinction from autism is the absence of qualitative impair-above, autism is a disorder with neuroanatomic abnormalities in diverse regions throughments in communication and the absence of clinically significant delays in language, cog-out the cerebrum and cerebellum. nitive development, and adaptive behavior (other than social interaction). It is therefore Our Conclusions imperative that individuals are carefully evaluated for early developmental history (e.g., Anatomical abnormalities in autism result from the developmental dysregulation of brain using the ADI-R) in order to accurately distinguish between a diagnosis of Autistic disorder growth, the causes of which are genetic defects that produce detectable abnormalities in and Asperger disorder. The DSM-IV specifies that if a patient meets the criteria for another molecular brain growth factors.
According to this hypothesis of a progresspecific PDD (such as Autistic disorder), s/he cannot be diagnosed with Asperger disorder. sive abnormality in brain growth in autism, there may be pathologic timing in the initiaNote that if an individual did not have clinically significant general delays in language tion of neuronal and glial growth as well as pathological timing in the cessation of growth. development, s/he could still meet the criteria for autism. If these points are not taken into The result would be premature overgrowth in some structures (e.g., enlarged cerebral volconsideration, it is conceivable that high-functioning individuals who do meet the criteria umes, abnormal cerebral cortical thickening, excess numbers of neurons or glia) and refor autism could be incorrectly diagnosed as Asperger disorder . duced growth or excessive cell loss in other structures (e.g., reduced limbic and cerebelThis is a critical issue for fMRI researchers because typically only high-functioning indi-lum volumes, too few cells generated, small cell size, reduced dendritic arborization, neuviduals will be able to carry out the experimental demands required for fMRI experi-ron loss in the limbic and cerebellar regions, cells arrested in migration). Other aspects of ments while also lying still for periods of time (particularly children). If patients are carefully growth may look like overgrowth on MRI scans but have an alternative explanation. For evaluated and researchers decide to include patients with autism as well as patients with example, a recent study of myelin in autism found that the biochemical composition of Asperger disorder, fMRI results from these myelin was altered and its compaction was loss may be indicative of another more common process. delayed, which may account for increased white matter volume found via MRI (Koul, 2001) . Koul hypothesized that the abnormal Implications and Future Directions compaction of myelin in early development in autism may partially account for increased Future directions for MRI research white matter volume on MRI scans .
We believe that studying children with autism as early as possible will provide clues to the Because normal growth is the result of a successful balance in the timing of gene-regu-underlying neural abnormalities that are much more difficult to disentangle from experience lated induction and termination of growth signals (proliferation, migration, etc.), as well as in the older child or adult. Our recent MRI studies provide striking evidence in this rethe induction and termination of apoptosis, a failure of this balance would result in abnor-gard. We see a potential gradient in growth pattern abnormalities from our MRI data of mal anatomy. The unusual pattern of hyperplasia in the frontal cerebral cortex and hypo-children who were scanned at as young as 30 months of age. At the earliest ages examined, plasia in the limbic structures and cerebellum found in autism suggest such failure.
there is an overgrowth of cerebral volume and gray matter as well as cerebral and cerebellar A number of factors can tip this balance along the signaling pathways between the reg-white matter, compared to normal. This difference diminishes with age but could obviulating genes and the growth outcome. For example, excessive or reduced levels of a re-ously have lasting effects. In a subset of our subjects that have been examined to date, we quired neuropeptide or neurotrophin for a specific growth step, erroneous timing or site of have also found that excessive cerebral growth appears to be largest in the frontal lobes in the the appearance of a neurotrophin, and/or the failure of feedback signals to indicate its pres-youngest children examined, with different patterns within frontal lobe regions (Carper & ence to trigger the next growth step can all create an imbalance. Neuropeptides and neu- Courchesne, 2002; Carper et al., in press) . It also appears that the posterior cerebellar verrotrophins that are elevated in persons who later develop autism (Nelson et al., 2001 ) and mis and the volume of cerebellar gray matter are typically smaller than in age-matched a reduction of GABA-A receptors in the brain (Blatt, Fitzgerald, Guptill, Booker, Kemper, healthy control subjects at the earliest ages examined. & Bauman, 2000) may be markers indicating such imbalance and, as such, could be used as With these unusual growth patterns, it will be important to determine if there are behavsignposts leading toward an identification of abnormal signaling pathways and affected ioral distinctions related to these phenomena.
That is, in what ways do children with a final growth-regulating genes.
We also hypothesize that the anatomic het-outcome diagnosis of PDD-NOS differ from children with autism? Are there differences in erogeneity that has been consistently demonstrated in autism may reflect individual dif-the magnitude of early abnormalities between the children with autism who are higher funcferences in levels of growth factors. These different levels may reflect either different tioning after age 5 compared with those who are lower functioning after age 5? We are curforms of defect in a given key gene or the involvement of different combinations of genes rently examining these questions in our existing data set and in new studies in our laborawithin a signaling pathway in different autistic individuals. For example, Bailey et al. (1998) tory. As described above, combining anatomical data with behavioral data helps to answer reported thickened cortex in some cases of autism and laminar disarray in the cortex in questions about brain-behavior relationships in autism. There is little data available in this others; all cases had Purkinje cell loss. These different patterns of cortical growth and orga-regard for toddlers and preschoolers, and, as such, this population will be the focus of new nization may be indicative of one process (or processes) in autism, and the Purkinje cell studies in our laboratory.
Future directions for functional
be pivotal toward this aim. In fact, the advocated combined behavioral, neurofunctional, imaging research and neuroanatomical approach is consistent At this relatively macroscopic level, multiple with the types of approaches currently taken neuroimaging techniques, such as fMRI, MRI, in the study of animal mutants and knockouts, diffusion tensor imaging (DTI), and perfusion potentially facilitating the translation of inforimaging or arterial spin labeling, when utimation from these studies to future autism anlized in combination with one another, will imal model studies. serve as a powerful analytic tool for the study We also anticipate that the combination of of neural development in autism. For examneuroimaging techniques, such as fMRI and ple, DTI makes use of the random motion of ERPs, with cognitive and behavioral meawater molecules to create a map of fiber sures will help to sharpen diagnostic distinctracks in the living brain. The greatest benefit tions, not only between individuals with auof DTI will be in detecting long-term changes tism and typically developing individuals, but in cerebral connections in autism across sevalso between different subgroups within the eral ages during development. This will be indisorder of autism (the "autism spectrum"). valuable for elucidating issues regarding the Along these lines, we recommend that retiming and progression of neural maldevelopsearchers try to obtain multiple measures ment, as well as understanding more directly, within the same groups of subjects in order to how defects in one neural region may interact analyze heterogeneity, as well as similarities, with, or contribute to, defects in other neural and work toward maximal integration of inregions. This will be particularly important in formation. Ultimately, we hope that the biocombination with structural volumetrics, oblogical information obtained will influence tained with MRI when interpreting findings of our behavioral diagnoses and descriptions, corelationships between structures, such as and vice versa. the inverse correlation between frontal lobe
In the future we may be able to identify and cerebellar vermal lobules VI-VII volumes biological markers of autism, which, in turn, noted by Carper and Courchesne (2000) .
could be used to more accurately diagnose affected children at a very early age. The identiConcluding remarks fication of biological markers will also help to reveal the underlying causes of this disorder, The future of autism research will undoubtedly continue and extend the use of multidis-thereby also leading to more effective, "tailormade" treatments, both behavioral and biociplinary conceptual and analytical techniques. The development of animal models of logical. A multidisciplinary approach is essential to achieving these goals. Recent exciting autism, in particular, will be crucial for validating genetic or nongenetic explanations, as advances in the neurobiology of autism have involved these critical collaborations between well as testing the direct impact of certain biological and behavioral treatments. Animal behavioral and biological scientists. As we have discussed in this paper, it is only through models of any disorder rely on the availability of brain-behavior linkage data to be modeled, bringing together information from multiple levels that we can hope to better understand and research that continues to elucidate our understanding of the neural substrates in-as complicated a neurodevelopmental disorder as autism. volved in the symptomatology of autism will
